Temperature dependent dielectric function in the near-infrared to vacuum-ultraviolet ultraviolet spectral range of alumina and yttria stabilized zirconia thin films J. Appl. Phys. 114, 223509 (2013); 10.1063/1.4844515
Extended spectral response in organic photomultiple photodetectors using multiple near-infrared dopants We demonstrate highly sensitive polymer photodetectors (OPDs) with spectral response extending from the ultraviolet to the near-infrared (NIR) region ($1200 nm). After doping two NIR dopants, high external quantum efficiencies ($5500%) and high responsivities (23.0 A/W) are achieved under a low reverse bias (À3.7 V). The high gains could be attributed to unbalanced carrier transport in the photoactive layer arising from the electron traps at the NIR dopants. This approach allows the ready preparation of OPDs exhibiting broad spectral responses and high quantum efficiencies simultaneously. Organic photodetectors (OPDs) are receiving enormous attention due to their advantageous properties of low cost, light weight, and flexibility. [1] [2] [3] [4] [5] [6] [7] Many potential applications, such as flexible sheet image scanners 4 and hemispherical focal plane detector arrays which can function as human eyes, 5 have been proposed for flexible OPDs. More recently, OPDs with broad spectral response have become the research focus. Because the sensing range of these devices can be extended into the near-infrared (NIR) wavelength (k) range, the OPDs would have many additional potential applications in such fields as night vision surveillance, remote controls, and optical communication.
1,2 However, the quantum efficiencies of the OPDs were still relatively lower than those of the inorganic counterparts, especially in the long wavelength range.
Photomultiplication (PM), a phenomenon in which the quantum efficiency of charge generation exceeds 100%, in organic photodiodes was reported in 1994. 8 Subsequently, many highly efficient OPDs based on the PM phenomenon have been demonstrated. [9] [10] [11] [12] [13] [14] [15] For example, Chen et al. blended CdTe nanoparticles into polymer photodiodes and achieved a high external quantum efficiency (EQE) of $8000% under conditions of low reverse bias. 9 They attributed the PM phenomenon to photogenerated electron trapping which assists hole injection into the device. Recently, we have also demonstrated highly sensitive organic PM photodetectors exhibiting broadband response ranging from ultraviolet (UV) to NIR spectral region. 10 After doping an organic NIR dye into the active layer of the photodiode, high EQEs could be obtained. Herein, we demonstrate organic PM photodetectors which can further extend the spectral response range to $1200 nm through codoping of two NIR dyes into the photoactive layer.
The conjugated polymer and fullerene derivative used in this study were regioregular poly(3-hexylthiophene) (P3HT) and 1-(3-methoxycarbonyl)propyl-1-pheny [6, 6] methanofullerene (PCBM), respectively. The NIR dopants were Ir-125 and Q-Switch 1, which were purchased from Exciton Corp. To fabricate PM OPDs, Ir-125 and/or Q-Switch 1 molecules were further doped into the polymer blend. Finally, the metals Ca (50 nm) and Al (100 nm) were thermally evaporated to form the bilayer cathode. For the device characteristics, the photocurrent density-voltage (J-V) curves under illumination were measured using the Keithley 2400 measurement system. The light source was a Thermal Oriel solar simulator, whose illumination intensity was calibrated using a standard Si photodiode detector equipped with a KG-5 filter (Hamamatsu, Inc.). 16 For the EQE measurements, the incident light passing through a monochromator (SpectraPro2510i, Action Research Corp.) was chopped at 100 Hz. The resulting photocurrent was measured by using the lock-in amplifier (SR570, Stanford Research Corp.). Figure 2 (a) provides current-votalge curves of the devices containing various dopantsmeansured in the dark. Clear diode characteristics, with current rectification ratios of ca. 10 2 at 62 V bias for all the devices, could be observed. Figure 2(b) shows the J-V curves for the devices doped with either Ir-125, Q-Switch 1 or both dyes. Apparently, for all the three types of devices, we could observe large photocurrent, suggesting that high photoconductive gains were obtained. To understand the origins of high level of photocurrent densities, we further performed the spectrally resolved EQE meansurements; Fig. 3 displays the EQE results of various devices. The highest EQE of the device contaning Ir-125 was $8000% [ Fig. 3(a) ]; the result was consistent with our previous report. 10 In contrast, the highest EQE value of the device prepared with Q-switch 1 was only $840% at a bias of À5.0 V [ Fig. 3(b) ]. The reason to the lower efficiency could be understood from the energy level diagram of the device [the inset to Fig. 2(a) ]. Unlike Ir-125, Q-switch 1 molecules can trap electrons and holes simutaneously in the P3HT:PCBM blend. Becasue the photocouduction gain arises from unbalanced carrier transport, 17 trapping of both types of charges improved the balance of charge transport, thereby decreasing the values of EQE. More interestingly, after the addition of both Ir-125 and Q-switch 1 molecules, the efficiencies was drasmatically increased [ Fig. 3(c) ]. In the visible region, the highest EQE was approximately 5500% (k ¼ 510 nm). Further, the spectral response region was extended to 1200 nm. Besides, EQEs higher than 100% in the NIR region could be also achieved (up to 200%).
The improved photoresponse of the codoped device was probably due to the increased trapping probability of electrons, thereby altering the charge balance. As shown in the energy level digram [the inset to Fig. 2(a) ], Ir-125 molecules prefer to trap electrons solely. Therefore, the addition of Ir-125 into the photoactive layer overall increased the lifetime of the electrons in the device, thereby increasing the current gain. As a result, although the highest EQE ($5500%) was still lower than that of the device incorporating a single kind of NIR molecules, Ir-125 [ Fig. 3(a) ], which was probably due to the lower concentration of Ir-125 molecules, the codoped device exhibited pronounced PM effect over a broad wavelength range covering from 400 to 1200 nm.
From Fig. 3 , we could see that the EQE values in the NIR region were much less than those in the visible region while NIR dopants exhibited comparable absorption with P3HT and PCBM molecules. We suspected that two possible reasons maybe responsible for this phenomenon. First, the anode structure consisting of ITO and PEDOT:PSS layers had considerable absorption in the NIR region, which may block part of the incident light into the active layer. Moreover, after the NIR photons were absorbed by the dopants, the energy was much easier to be dissipated as heat (or nonradiative decay) rather than free charges. Therefore, charges are much more difficult to be collected, leading to lower values of EQEs. More detailed studies are ongoing. Figure 4 displays the spectrally resolved responsivities (R, in units of A/W), defined as the ratio of photocurrent to the input light intersity, 10, 18 for the devices prepared with NIR dopants. For the Q-switch 1-doped device, the highest responsivity was 4.0 A/W in the visible region under a reverse bias of À5.0 V [Fig. 4(a) ]. Nevetheless, as shown in Fig. 4(b) , the responsivities siginificantly increased upon the addition of Ir-125 molecules. The highest responsivity was 23.0 A/W at a wavelength of 560 nm under a reverse bias of À3.7 V. Further, the device responsivity remained high in the NIR region. For example, the R values were 3.2 and 1.8 A/W at the wavelength of 700 and 1100 nm, resepctively.
In conclusion, we have developed highly sensitive OPDs with spectral response extending from the ultraviolet to the near-infrared region; the spectral response range should be one of the widest ones among the OPDs exhibiting photoconductive gains. After doping two organic NIR dyes into the active layer, we have achieved a high EQE ($5500%) and a high responsivity (23.0 A/W) under a low reverse bias. Meanwhile, substantially improved EQEs higher than 200% at the NIR region have been demonstrated. This approach reported here allows the ready preparation of polymer photodetectors exhibiting broad spectral responses and high quantum efficiencies simultaneously.
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